An efficient technique utilizing the defected ground structure (DGS) to suppress the mutual coupling effect of a dual-frequency microstrip antenna array is studied. The proposed dual-frequency DGS beneath two patches includes two circular split ring slots, each of which corresponds to one resonant frequency of the patches. The characteristic of the compact DGS is theoretically and experimentally investigated. The prototypes of the patches arrays with and without the proposed DGS are fabricated. Both the simulated and measured results show that the mutual coupling between array elements has been obviously reduced at the two operating frequency bands with the implementation of the proposed DGS structure.
Introduction
The multiple-input multiple-output (MIMO) antenna systems are widely used in new generation of wireless communication systems to accommodate higher data rates and provide increased capacity [1] . However, it is not an easy work to integrate multiple antennas in a small size wireless device while keeping a high level of isolation between antenna elements [2] , especially for dual-frequency arrays. This is because the effects of mutual coupling between array elements become more severe when the separation between elements becomes smaller. The mutual coupling effect can cause significant system performance degradation, such as reduction in signalto-noise ratio and degradation of the synthesized far-field pattern. In addition, the high capacity offered by the MIMO system is reduced if the various signals at the receiver are correlated, where the correlation may arise from the mutual coupling between the transmitting and/or receiving antenna elements [3, 4] . In order to remove or reduce the adverse effects of mutual coupling in compact antenna arrays, different techniques [5, 6] have been proposed in literature.
In signal processing, the coupling matrices [7] can be applied to the received signal vectors from the adaptive arrays to counter the effects of mutual coupling. The relation of the isolation and the array configuration of two nearby antennas in a cellular handset was studied in [8] . Parasitic scatters may also be exploited to reduce the mutual coupling effect in a MIMO array [9] . Various decoupling networks using reactive components [10] or 90 ∘ or 180 ∘ hybrid couplers [11, 12] have been proposed to increase the isolation between antenna ports. Recently, another effective approach to reduce mutual coupling is to use electromagnetic bandgap (EBG) structures [13] or defected ground structures (DGS) [14] to suppress the surface wave in microstrip substrates. The term "DGS" was first used by Kim and Park in describing a single unit of dumbbell-shaped defect in [15] . The application of DGS to reduce the mutual coupling between two adjacent microstrip patches was first shown in [16] . Most of the designs in literature including the aforementioned ones are for arrays with single operating frequency band. However, dual-frequency operation is preferred for many popular communication standards. Mutual coupling reduction for dual-frequency arrays has attracted many studies. Improvement on dualband isolation is achieved by using an array of printed capacitively loaded loops (CLLs) on the top side of the board and a complementary CLL structure on the ground plane [17] . However, this design is a bit complicated. A reconfigurable dual-band monopole array with high isolation is given in [18] , which exploits the neutralization techniques and uses a switch to control the operating frequency band. The paper [19] describes a procedure to achieve simultaneous decoupling and matching at two frequencies using decoupling network with series and parallel combination of inductors and capacitors.
In this paper, a compact design utilizing the defected ground structure to reduce the mutual coupling between array ports of a dual-frequency patch antenna array is proposed. The proposed dual-frequency DGS beneath two patches includes two circular split ring slots, each of which corresponds to one resonant frequency of the patches. The characteristic of the compact DGS is studied. The prototypes of the patch arrays with and without the proposed DGS are fabricated. Both the simulated and measured results are presented to show the effectiveness of the proposed structure in mutual coupling reduction at two frequency bands.
The Dual-Frequency Defected Ground Structure
The proposed defected ground structure is shown in Figure 1 . Two cocentered circular split ring slots are etched on the ground plane of a dielectric substrate, which are the parts indicated in grey. The larger split ring slot has an outer radius of 1 and an inner radius of 2 , while the smaller one has an outer radius of 3 and an inner radius of 4 . The two split ring slots are resonant and create two stop bands. To study the characteristics of the DSG structure, a microstrip filter model is built in the EM simulator HFSS and the fabricated one is shown in Figure 2 . The substrate is FR4 material with dielectric constant of = 4.4 and thickness of 1.6 mm, while the 50 Ω microstrip line has a width of 3 mm. The performance of the filter is studied by changing the dimensions of the split ring slots. Figure 3 shows the transmission coefficients of the filter with various values of 1 . It can be seen that the lower stop-band frequency decreases with the increase of 1 , while the upper stop-band frequency remains stable. The parameter 2 has similar effect on the performance of the filter as 1 as they determine the width of the larger split ring. Similarly, the transmission coefficients of the filter with different 3 are plotted in Figure 4 . It is obvious that as 3 increases, the upper stop-band frequency will decrease and the lower stopband frequency keeps unchanged. According to our study, the variation of 4 also influences the upper stop-band much. By properly choosing the dimensions of the DGS structure, the desired band rejection characteristic can be obtained. Figure 5 shows the simulated and measured -parameters of the band-stop filter with 1 = 5.2 mm, 2 = 4.2 mm, 3 = 3.9 mm, 4 = 3.1 mm, and = 2 mm. It is obvious that the band-stop filter has two stop bands at 3.35 GHz and 4.5 GHz.
Patch Array with the Proposed DGS
The proposed DGS structure can be implemented in a MIMO antenna array to reduce the mutual coupling. Two coaxial feed rectangular patch antennas with dual operating frequencies at 3.35 GHz and 4.5 GHz are designed, as shown in Figure 6 (without the ring slots). The substrate used for the patches is the same as the one used in filter design. The dimensions of the patch are 1 = 102 mm, 1 = 80 mm, The edge to edge distance between the two patches is = 10 mm. The prototype of the patch array is shown in Figure 7 (a). Figure 8 shows the simulated and measuredparameters of the dual-frequency patch array. Although the two patches are not strictly symmetric about the center of the substrate, they have almost the same reflection coefficients in the design according to our simulation and measurement. Therefore, only 11 and 12 are plotted in Figure 8 . It can be seen from the plot that the array has two resonant frequencies at 3.35 GHz and 4.5 GHz, respectively. The measurement agrees well with the simulation. It is also noted that the coupling coefficient is about 19 dB at 3.35 GHz and 15 dB at 4.5 GHz. To reduce the mutual coupling, the proposed DGS structure is etched in the ground plane of the patches, as shown in Figure 7(b) . The center position of the DGS is at 4 = 47.9 mm and 4 = 25.1 mm. The -parameters of the patch array with DGS are plotted in Figure 9 . Since the two antennas are asymmetric after implementing the DGS in the ground plane, the 11 and 22 are not completely coinciding with each other, but the two patches are still operating in the two bands of the array. It can be seen from Figure 9 that the measured coupling coefficient remains below −20 dB across the two frequency bands and has been reduced to −33 dB at 3.35 GHz and −27 dB at 4.5 GHz. The simulated normalized radiation patterns of the patch array at 3.35 GHz and 4.5 GHz are plotted in Figures 10 and 11 , respectively. The coordinate system is shown in Figure 6 . It is obvious that the radiation patterns of the patch array remain in their general shapes before and after implementing the defected ground structure. Correlation coefficient is an important parameter in MIMO performance evaluation. By assuming uniform external signal source distribution, the envelope correlation coefficient (ECC) based on the -parameters of an array can be calculated using [20] (1, 2) = * 11 21 + * 12 22 If the antenna efficiencies are known in addition to the -parameters, the correlation coefficients can be calculated using the method given in [21] . Figure 12 shows the envelope correlation of the patch array with and without DGS using (1). It can be seen that the envelope correlation in the frequency band of interest is very low, which means that the antenna array has good spatial diversity and is suitable for MIMO systems.
Conclusion
A compact defected ground structure using double circular split ring slots has been presented to reduce the mutual coupling between array ports of a dual-frequency patch antenna array. The radii of the slots control the stop-band frequencies. The simulated and measured results of a twopatch array show that the mutual coupling effect between array elements has been obviously reduced. The resulted array has high port isolation and is suitable for MIMO applications.
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